Fully embedded devices and portable devices located in inaccessible areas may be constrained in terms of service lifespan due to limitations in battery capacity. Furthermore, conventional electromagnetic-based wireless charging may be difficult due to environmental interference. Thus, in this article, we present a method that can remotely charge such devices through piezo-generated stress waves that propagate along the structure hosting the device to be charged. However, in order to fully utilize such a conduit for transmitting energy, the dispersive and scattering nature of solid materials should be overcome. As a way to overcome this obstacle, the method innovatively applies the time reversal technique for use in energy harvesting. Through the time reversal technique, the energy transmitted by external actuators, instead of dispersing unhelpfully around the device, can be focused tightly at the energy harvesting component of the device. The method was successfully demonstrated on a copper pipe using four piezoelectric transducers. It was further found that time-reversed signals from multiple actuators can linearly superimpose to increase the amount of energy focused on the energy harvester, thus potentially solving problems related to distance and the signal attenuating properties of the material in the hosting structure. The method was also modeled and simulated using the finite element method through the commercial FE-package Abaqus. Results from both experiment and simulation matched well, thus demonstrating the viability of the wireless energy harvesting method.
Introduction
Wireless sensor networks (WSNs) consist of spatially distributed sensor nodes that monitor the conditions over a dispersed area, and each node can cooperate with one another to transmit data across the network toward a targeted location. WSN technologies related to the currently popular ''internet of things'' have the potential to change our lifestyle and is already found in a wide variety of applications, such as in our homes, in the military, and pertinent to this article, in the structural health monitoring (SHM) of civil structures. The main benefit of wireless SHM is that the sensor nodes do not require the installation of any cables and have minimal need for maintenance (Li et al., 2010) . Without the need for cabling, the sensor nodes can now be installed in the remote locations that were previously inaccessible or impractical. However, although wireless sensors require low power while asleep, the sensors have battery limitations and require a significant amount of energy to transmit information. When sensor nodes deplete their batteries, the local information is lost and the whole network is prone to premature failure. Since the performance of the sensors is reliant on the power supply, the lifetime of the sensor network is thus constrained by the availability of power. Thus, to avoid depletion of the batteries and enable uninterrupted operation of WSNs, new energy management strategies, such as energy conservation methods and incremental deployment of new sensors to replace depleted/malfunctioning sensor nodes, are needed. Although energy conservation methods slow down the rate of the energy consumption, it cannot prevent the eventual depletion of the power supply. However, deploying new sensor nodes to replace nonfunctioning nodes is not environmentally friendly and can be challenging depending on the situation. For example, replacing wireless sensor nodes embedded or mounted to skyscraping structures can be dangerous and impractical due to the prohibitive height of the structure. Meanwhile, there is an increasing amount of research in renewable energy, in which the energy can be passively harvested from the environment, such as solar power, wind energy, geothermal energy, and mechanical vibration. The harvested energy could be stored in rechargeable batteries, capacitors, or supercapacitors that are packaged with the sensor node. Conversely, the varying nature of renewable energy sources (e.g. unexpected clouds blocking the sun) means that environmental energy can be unpredictable and uncontrollable. Certain compensating measures have been reported in the literature, for example, an unmanned aerial vehicle (UAV) was used to fly to wireless sensors and transmit energy wirelessly to the sensor in order to power it up on an as-needed basis (Mascaren˜as et al., 2009 ). While such a method can indeed repower nodes that can be accessed by the UAV, the method may become inefficient for networks with large numbers of sensor nodes. In order to sustain a predictable and sufficient energy supply and maintain the perpetual operation of the WSNs, stable energy sources are required (Lee, 2012; Sudevalayam and Kulkarni, 2011; Vullers et al., 2010) . Therefore, wireless rechargeable sensor networks (WRSNs) were introduced, in which active mechanical vibration is used to charge batteries of sensor nodes in remote locations. Electromagnetic induction, electrostatic induction, and the piezoelectric effect are among the most widely used methods which are used for harvesting the energy generated by vibrating structures. Compared to electromagnetic and electrostatic methods, piezoelectric-based energy harvesting is more efficient due to higher energy density and flexibility for integration into the monitoring system. Piezoelectric materials can generate an electrical charge in response to an applied mechanical force and, conversely, can also strain when an electric field is applied across the poles. When an alternating potential difference is applied, the piezoelectric material will deform at the same alternating frequency and can thus generate stress waves (Song et al., 2008) . This process can generate ultrasonic stress waves, which have been used commonly to inspect various structures, such as pipelines (Rose, 2004; Zhang et al., 2005) . Piezoelectric materials are sensitive to stress and are able to convert mechanical energy, such as from stress waves, into electrical energy that can be stored. Thus, piezoelectricbased acoustic energy transfer (AET) methods, which use stress waves to charge remote wireless devices, can help solve energy problems of WSNs that are installed on solid structures. Stress waves can be generated externally and guided along the solid structure itself, thus also eliminating the need for electromagnetic methods for wireless energy charging. However, the potentially high multipath environment of solid media can cause severe wave scattering and diminish the ability of the energy harvester to collect energy.
Studies on transmitting electric energy through stress waves in structures are rather limited. The idea of using stress waves to transfer power, which is the basis of AET, was first proposed by Hu et al. (2003) . They performed a numerical study in which piezoelectric transducers sandwiched a metal plate, and excitation of one transducer caused the propagation of stress waves across the metal plate toward the opposing transducer. The energy of the stress wave was gathered by the opposing transducer with efficiencies depending on various system parameters. Soon afterward, a wireless acoustic electric feed-through network model, in which energy is transmitted acoustically through a wall, was experimentally demonstrated on prototype devices at the Jet Propulsion Laboratory (Sherrit et al., 2006) . Different methods to optimize the coupling of piezoelectric generator and receiver elements to both sides of the wall were developed, as the coupling quality will affect the energy transmission efficiency. Shoudy et al. (2007) designed an ultrasonic communication system powered by AET through a 5.7-cm-thick steel block. Their system achieved a power transfer of 250 mW at the frequency of 1 MHz and was able to implement 55 kbps reliable data communication. Kluge et al. (2008) developed a combined through-wall AET and communication system, both of which used a carrier frequency of 3 MHz. Up to 30 mW of energy was able to be transmitted acoustically through their device. As can be seen from the above research efforts, a common theme is the use of piezoelectric transducers to propagate energy through a thin plate-like structure. Additional literature (Graham et al., 2011; Lawry et al., 2011; Lu¨et al., 2009 ) presents further analyses and experimentation on piezoelectric-based AET, with aims to increase power transmission efficiency and to investigate obstacles that reduce the efficiency. In particular, the above research unanimously point to the high dispersion of stress wave propagation in solid materials and the multipath effect caused by structural geometry as a major source of signal attenuation, which decreases the potential of energy harvesting using AET techniques.
Thus, in this article, we present a time reversalbased method to effectively overcome the multipath and scattering effect by focusing a pulse of acoustic energy toward the energy harvester, which may be in a distant location from the generator. Experiments were performed in which piezoelectric (lead zirconate titanate (PZT)) transducers mounted on a copper pipe transmitted energy to each other using the time reversal method. A numerical simulation was also carried out to serve as a guideline and comparison to the experimental results.
Pipe channel impulse response
In order to experimentally estimate the optimal frequency range (i.e. the frequency range that has the maximum sensitivity to the input signal despite multipath and scattering), the pipe was excited using piezogenerated white Gaussian noise signal. This process must be done for the channel (i.e. which contains many propagation paths) between each pair of piezoelectric transmitter and receiver. The excitation was done for two different cases in which different PZTs were chosen as the receiver. In the first unidirectional case, three PZTs (PZTs 1-3) that were in close proximity to each other formed a line at one end of the pipe, and they transmitted signals to a single PZT (PZT4) located at the other end of the pipe. In the second bidirectional case, PZTs 1, 2, and 4 transmitted signals to PZT3, and thus PZT3 received signals from both sides of the pipe.
Experiment setup for pipe impulse response estimation
A hollow copper pipe (length: 3048 mm, outer radius: 14.2875 mm, and inner radius: 13.0175 mm) was instrumented with four surface-mounted 10 mm 3 10 mm PZT transducer patches using epoxy resin and interfaced with a data acquisition (DAQ) system (NI PXI 5105) and a laptop. The DAQ system allowed multiple, simultaneous input and output channels. The input sampling rate of the DAQ system was 20 MHz per channel and the input/output dynamic range was [210 V, 10 V]. In the experiment, three PZT patches were located at 90, 152, and 508 mm from the left end of the pipe, and one PZT patch was located at 152 mm from the other end. The copper pipe was suspended using thin copper wires (see Figure 1) . Table 1 lists the relevant properties of the copper pipe.
Experimental results for pipe impulse response estimation
In the set of unidirectional experiments, the channel impulse response of the pipe segment between the individual actuators, PZTs 1-3, and the sensor, PZT4 (i.e. PZT1 to PZT4, PZT2 to PZT4, and PZT3 to PZT4), was estimated. In the experiments, one PZT actuator was excited by a white Gaussian noise signal which generated a frequency-rich stress wave. The stress wave traveled along the copper pipe and reached PZT4. The received signal of PZT4 was captured by the DAQ system. For bidirectional experiments, PZTs 1, 2, and 4 were designated as the actuators, and PZT3 was set as the sensor (i.e. PZT1 to PZT3, PZT2 to PZT3, and PZT4 to PZT3). White Gaussian noise was also used as the actuation signal in order to estimate the frequency response function for each channel. Figure 2 shows the channel frequency response function estimated based on a least squares method. Experimental results show that all channels in both unidirectional and bidirectional experiments shared similar frequency response function patterns. However, since PZTs 1 and 2 were close to PZT3, their respective channels had higher overall gain. In all cases, the frequency range between 100 and 200 kHz provided higher gains and is suitable for AET. Thus, in the following energy focusing experiments, a modulated Gaussian pulse with a central frequency of 150 kHz was used as the transmission signal.
Time reversal technique to optimize AET-based energy harvesting
Wave dispersion phenomenon in pipeline structures
Stress waves propagating in cylindrical structures, such as thin wall pipes, can be generally grouped into transverse (T), longitudinal (L), and flexural (F) waves. Each group is characterized by a unique set of wave modes. Such stress waves are dispersive since the velocity of the wave mode changes with the frequency of excitation. In particular, a pulse excitation that has high-frequency components will excite more wave modes. In addition, if the pulse covers a large range of frequencies, the resulting stress waves will be more dispersive. Both the increase in number of wave modes and dispersion cause modulated Gaussian signals propagating through the pipe to become heavily distorted. In regards to the L-, F-, and T-wave groups, L and F groups are highly dispersive while the T group can be non-dispersive. In other words, the propagation velocity of wave modes existing in the L and F groups is highly dependent on the excitation frequency. However, the calculation of the phase and group velocity of the lowest torsional mode for cylindrical structures (i.e. first mode of the T group) shows that it is not frequency dependent Ostachowicz et al., 2011) . Ideally, for communication and inspection purposes, all input energy should be put into the sole excitation of the T group. However, the Gaussian excitation inevitably excites all three wave groups simultaneously, and thus some of the input energy from the excitation will be in highly dispersive L and F wave groups that are difficult to be harvested for energy. Thus, in the copper pipe used in the experiment, severe scattering and dispersion will prevent optimal energy harvesting. In order to mitigate such distortion, a time reversal method was utilized in the stress wavebased energy focusing experiment described in the following sections.
Time reversal focusing
In order to combat severe channel dispersion, we adopt the time reversal technique, which has been extensively used in a variety of dispersive environments (e.g. underwater acoustics; Edelmann et al., 2005) , to direct stress wave energy to a target location. The spatial and temporal focusing property of the time reversal technique can compensate for the dispersion in the channel by concentrating the energy of the heavily distorted signal at the source (i.e. actuator) location. In particular, the time reversal procedure can be explained as follows: consider a case in which an input wave signal, x(t), is generated by the actuator (e.g. PZT1). The signal received by sensor (e.g. PZT4), y(t), can be expressed by yðtÞ = xðtÞ f ðtÞ ð 1Þ
where f(t) is the impulse response function (IRF) of the structure between the source (i.e. actuator) and the sink (i.e. sensor), and denotes the convolution integration. The received signal by PZT4 is reversed in time domain ðyðÀtÞ = xðÀtÞ f ðÀtÞÞ and retransmitted back by PZT4 toward PZT1, which now works as a sensor. Assuming the reciprocity of the channels, the output of the time reversal technique, y TR ðtÞ, received at the original source location (PZT1) becomes (Parvasi et al., 2016) y TR ðtÞ = yðÀtÞ f ðtÞ = xðÀtÞ ½f ðÀtÞ f ðtÞ = xðÀtÞ ½f ðtÞ f ðtÞ
where denotes autocorrelation. Since the majority of the common input signals are symmetric in time (including Gaussian pulses, sinusoidal signals, and square signals (i.e. x(2t) = x(t))), the received signal can be represented as the convolution integration of the input signal and the autocorrelation function. The integration is often called the time reversal operator. The time reversal operator, G TR ðtÞ, can then be expressed as
Equation (3) shows that the time reversal operator works as an even function. Therefore, the received signal is always symmetric in the time domain. At t = 0, the time reversal operator has the maximum value, which is expressed by
Therefore, the focused signal, y TR ðtÞ, is time symmetric. The maximum value of the time reversal operator is equal to the energy of the channel IRF. At time t = 0, the entirety of the signal's energy is compressed into a single peak. In practical applications, however, multiple actuators may be involved in order to increase the total energy transmitted to the energy harvester, and each actuator may be placed at varying distances away from the sensor. If each actuator generates a stress wave at the same time, then all stress waves will arrive at the sensor at time delays corresponding to their distance between the actuator and sensor. In such a case, the stress waves cannot superimpose in such a way that the largest peak signal forms at the sensor. However, the time reversal technique may be used to superimpose the stress waves in order to form the highest peak possible. In the time reversal technique, after receiving the initial, probing signal from the sensor to indicate the need for more energy, the time reversal algorithm will manage the actuators to generate the stress waves in an order such that the stress wave from the farthest actuator will arrive at the same time as the stress wave from the closest actuator. Thus, using the time reversal technique, we can assure than the energy from all stress waves reaches a maximum peak at the target sensor at the same time despite the differences in distance among the actuators.
Experimental time reversal energy focusing on pipe channel
In this section, the spatial and temporal energy focusing properties of the time reversal technique was used to investigate the efficiency of the stress wave-based energy harvesting method on the copper pipe shown in Figure 1 for the two cases of unidirectional and bidirectional energy transmission as explained in section ''Pipe channel impulse response.'' For the case of unidirectional energy harvesting, a modulated Gaussian pulse-probing signal with the center frequency of 150 kHz (as selected in section ''Experimental results for pipe impulse response estimation'') was applied to the piezoelectric sensor (PZT4) to send out stress wave signals toward the actuators as an indication of need for more energy (see Figure 3(a) ). The generated Gaussian pulse signal may be constructed using equation (5)
where S(t) is the generated Gaussian pulse signal, t 0 is the reference time, f c is the central frequency, T is the time period of the signal, and A is the signal amplitude.
First, we only consider the wave propagation phenomenon in an individual channel (PZT2 to PZT4). The whole process of time reversal technique may be summarized as following. After excitation by the Gaussian pulse, PZT4 generates a wave that travels to PZT2. PZT2 experiences the vibrations of the waves, which is recorded in Figure 3(b) . This signal is received from PZT2 and sent to the computer, which time reverses the signal and inputs it back to PZT2 ( Figure  3(c) ). Upon excitation of the time-reversed signal from the computer, PZT2 generates a wave that travels back to PZT4. Thus, when excited by the wave from PZT2, Figure  3(d) . A more detailed explanation of the process is described in the following.
PZT4 experiences a vibration that is recorded in
The Gaussian pulse-induced elastic waves generated by PZT4 will experience substantial dispersion as they travel toward the opposing side of the pipe and received by PZT2. Figure 3(b) shows the signal received by PZT2 over a duration of 0.2 s. It can be seen that the received signal was heavily scattered and distorted and thus cannot be harvested easily. In order to compensate for the signal distortions due to multipath channel dispersion, the time reversal-based energy focusing technique was used. Thus, the received signal by PZT2 was reversed in the time domain (see Figure 3(c) ), normalized, and retransmitted back through the same channel by PZT2. As shown in Figure 3(d) , the stress waves generated by PZT2 forms a distinguishable peak in the signal received by PZT4. The peak amplitude of the signal increased from 0.0034 V in Figure 3 (b) to 0.0239 V in Figure 3(d) . This high-density peak optimizes energy harvesting since the time reversal technique maximizes the signal-to-noise ratio (SNR), which is important for energy harvesting applications. Additionally, the energy of the signal, instead of dispersing and attenuating broadly across the frequency spectrum of the channel, is focused tightly at the resonance frequency of the pipe structure. The focusing of the energy within the resonance frequency of the pipe allows a much larger amount of vibration to occur at the location of the sensor for the same amount of input energy. The increased vibration is reflected in the difference of the peak amplitudes in Figure 3 Figure 3 (e) and (f), the frequency spectrum of the focused signal has a more distributed energy density compared to that of the unfocused signal received in the forward analysis. The redistribution of energy caused a slight shift of the energy-dense frequencies from below 10 kHz to slightly above 10 kHz.
The above procedure was repeated for the other channels (PZT1 to PZT4 and PZT3 to PZT4) in the case of unidirectional energy transmission (Figure 4) . It is worth mentioning that the received signal in the forward analyses is not focused due to the dispersion since faster components will reach the sensors prior to the slower components. However, in the reverse analysis, the slower components are reemitted to the source location prior to the faster components due to the time reversal of the signal. The end effect is that the slower components will arrive at the same time as the faster components, thus causing a noticeable peak in the received signal. In Figure 4 , there is a small time difference in the data that is hard to notice in the graph without excessively zooming in. Differences in time delays and signal attenuations seen in Figure 4 for each channel were due to different transmission distances and paths. The peak values of the two channel responses (PZT1 to PZT4 and PZT3 to PZT4) were 0.0032 and 0.0039 V, respectively.
For the case when all the actuators (PZTs 1-3) transmit their corresponding time-reversed signals at synchronized time delays, the energy-focused peaks from the different channels arrive at the target sensor (PZT4) simultaneously and form a linearly superimposed peak of 0.081 V as shown in Figure 5(a) . The experiment was repeated for the bidirectional case, in which PZT3 acted as the sensor and PZTs 1, 2, and 4 acted as the actuator. The result was a formation of a peak at PZT3 with a value of 0.736 V (Figure 5(b) ). As can be seen in Figure 5 , the main difference between the focused signals of the unidirectional and the bidirectional cases is that the focused signal in the unidirectional case is of higher density. Possible reasons for this difference may be due to local differences among the individual channels, or that the relative closeness of the actuators (PZTs 1-3) in the unidirectional case may contribute to a higher level of constructive interference, leading to a correspondingly higher level of density in the signal ( Figure 5) .
Depending on the application, the required energy to be transmitted to the sensor may be higher than what was generated in the experiment above. The time allowed to charge the sensor may also be shorter. In such a case, additional PZTs should be installed and used as actuators so that additional peaks can be superimposed at the sensor and form a higher peak. The signal attenuation over distance should also be considered when determining the distances between the actuator and sensor. Since the signal strength attenuation depends heavily on the material that carries the stress waves, calibration should be carried out prior to full application in order to determine the minimum acceptable distance between actuator and sensor. In this case, since copper slowly attenuates stress waves, a longer distance can be set between actuator and sensor, but in the case of concrete structures, which have high attenuation, shorter distances may be necessary. However, if actuators cannot be placed close to the sensor in high-attenuation media, the best solution will be to install additional actuators, so that the superimposed peak will still reach the desired energy level.
In cases where the sensor and the device do not have enough power to transmit the probing signal, the reciprocity of the channel may be used to reach a solution. In the solution, the first step will be to transmit a signal from the actuators to the sensor. After receiving the signal at the sensor, the computer which acquires the data from the sensor can reverse the signal and transmit the reversed signal through the actuators. The reversed signal will still form a focused peak at the sensor location without the sensor having to spend additional energy in sending the probing signal. However, in order to use this solution, the channels must first be completely reciprocal (i.e. the system response function from location A to location B is the same as the system response function from location B to location A) and that the time synchronization among all actuators should be known.
Energy focusing finite element-based results
In order to verify the overall validity of the results obtained from the proposed energy harvesting method, a three-dimensional (3D) finite element model (using Abaqus-CAE commercial package) of a copper pipe with surface-mounted PZT sensor and actuator ( Figure  6 ) was generated to investigate the effect of time reversal technique on the energy harvesting process.
In order to simulate the time reversal-based energy harvesting process on the copper pipe, a three-cycle Gaussian pulse input signal with the central frequency of 30 kHz (Figure 7 ) was first applied to PZT actuator to generate stress waves. The use of a high-frequency excitation will require a much smaller time step and much finer mesh size, both of which will significantly consume computational resources without helping to reach a more accurate answer. Thus, the central frequency of the Gaussian pulse used in the numerical simulation was selected to be 30 kHz unlike the 150 kHz Gaussian pulse used in the experimental study. The generated stress wave then traveled toward the other side of the pipe and was captured by the PZT sensor (i.e. forward analysis). The received signal by PZT sensor was then reversed in the time domain and retransmitted out by the same PZT which took the role of the actuator (i.e. reversed analysis). The retransmitted signal was finally received by the other PZT on the other side of the pipe.
In the finite element analysis (FEA) simulation, the copper pipe was modeled as an elastic material with free mechanical boundary conditions as shown in Figure 8 . The piezoelectric actuator and sensor with both mechanical and electrical degrees of freedom were modeled using piezoelectric elements predefined in Abaqus. Material properties and dimensions of the piezoelectric patches and the copper pipe are listed in Tables 2 to 4 . A shorter length of copper pipe was used in our numerical simulation compared to the one used in experimental study to decrease the computational time and effort needed to reach the same conclusions. A longer length of pipe in the simulation will require a disproportionately large amount of computer resources. A long pipe also does not allow us to use a coarser mesh size, thus requiring the use of a fine mesh size for a larger geometry. Perfect bonding was defined between the PZT transducers and the pipe. A 20-noded quadratic brick element (C3D20R) and a 20-noded quadratic piezoelectric brick element (C3D20RE) were assigned to the pipe and piezoelectric parts, respectively (see Figure 8) . The size of the elements was selected based on the wave propagation speed and the frequency of excitation such that copper pipe had approximately 10 nodes per wavelength. A mesh-size sensitivity analysis was carried out to check for numerical convergence. Implicit timedependent analysis was performed over a time span of 12 ms for the forward analysis and 25 ms for the reversed analysis. Figure 9 displays the received signal of the PZT patches in forward and reversed analyses. The most important observations are as follows: Figure 9(a) shows that the stress waves reach the PZT sensor after almost 0.00016 s, which is accurate since the distance between PZT actuator and sensor is 0.4 m, and the wave propagation velocity in copper pipe can be approximated as v = ffiffiffiffiffiffiffiffi E=r p = 3578 m=s ðt arrival 'x=vÞ. The received signal in the forward analysis is not in the form of the three-cycle Gaussian pulse (input signal) due to multiple reflections, scattering, and multipath effects. Thus, the received signal from the forward analysis cannot be effectively used for energy harvesting purposes. However, the signal received in the reversed analysis (Figure 9(b) ) was an energy-focused signal with a noticeable peak (corresponding to t = 0.01278 s). In other words, the time reversal method effectively caused the energy of the propagated signal to be focused at the location of the PZT sensor at an instant of time. Such a tightly focused signal with high SNR is therefore highly useful for energy harvesting purposes.
Finally, the pipes' nodal displacement amplitudes at locations (nodes) close to the PZT sensor at the peak time (t = 0.00083 s in the forward analysis and t = 0.01278 s in the reversed analysis) in an 0:01 3 0:01 m 2 area was computed and depicted in Figure 10 . Almost 400 nodes, all of which were located on the flat notch where the PZT sensor was bonded to the pipe (see Figure 8 (b)), are used in Figure 10 . The 3D surface plot of the nodal displacement field shown in Figure 10 (a) shows that the displacement amplitude of the received signal in the reversed analysis was significantly higher than that of the forward analysis.
Furthermore, the energy of the vibrating structure was mainly focused on the center of the PZT sensor, as shown in the two-dimensional (2D) contour plot of Figure 10 (b). Thus, the FEA results show that the time reversal technique can cause a much larger vibration to be generated at the location of sensor compared to simply transmitting a stress wave (i.e. the lower surface in Figure 10 (a)) and can significantly improve the energy harvesting capabilities of the PZT transducer. In summary, the numerical simulation matches well with the results obtained from experimental study and demonstrates that the time reversal technique is a promising approach for stress wave-based energy harvesting.
Conclusion
In this article, we presented a method that allows stress wave-based energy harvesting for devices located in inaccessible areas. The method applies the time reversal technique to overcome the dispersion and scattering of stress waves in solid media and focus the majority of the stress wave energy at the location of the energy harvester. The effectiveness of the method can be scaled linearly with the number of external actuators that transmit energy. The method was demonstrated using experiment and simulation, both of which showed the effectiveness of the time reversal technique to overcome signal dispersal and scattering properties of the structural material and deliver a high SNR pulse of energy to the sensor location. 
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